Background: Serum phosphorus control is critical for chronic kidney disease (CKD) 5D patients. Currently, clinical profile for an oral phosphorus binder in the mainland Chinese population is not available.
Background
Hyperphosphatemia is highly prevalent in chronic kidney disease (CKD) 5D patients undergoing hemodialysis and peritoneal dialysis [1] . Uncontrolled hyperphosphatemia contributes to the development of secondary hyperparathyroidism, renal osteodystrophy, vascular calcification, and a graded increase of all-cause mortality in dialysis patients [2] [3] [4] [5] [6] . There is also an association between increased phosphate levels, and mortality and cardiovascular mortality risk [7, 8] . The K/DOQI 2003 guidelines recommend a target phosphatemia of 3.5-5.5 mg/dL (1.21-1.78 mmol/L) in dialysis patients [9] . Despite dietary restriction and adequate dialysis, 90% of dialysis patients still need oral phosphate binders to control their phosphate levels and thereby reduce mortality [1, 10, 11] .
Aluminum hydroxide used to be the mainstay of phosphate-binding therapy but was largely abandoned due to its systemic toxicity. Calcium-based phosphate binders (carbonate or acetate) are the most commonly used phosphate binders in contemporary practice, although to date few randomized controlled trials (RCTs) have examined their effect on improving prognosis and decreasing mortality. Moreover, these phosphate binders may cause hypercalcemia in ≤50% of treated patients, leading to vascular calcification and higher death risk, especially when co-administered with vitamin D analogs [3, 4, 12, 13] . Sevelamer hydrochloride/carbonate is the first synthetic non-calcium, non-aluminum phosphate binder without the tendency to promote hypercalcemia. However, recent meta-analyses failed to establish comparative superiority of sevelamer over calcium-based phosphate binders [14, 15] . Moreover, patients often require large numbers of tablets to achieve phosphorus control.
The limitations of current treatments for hyperphosphatemia underscore the need for safe and efficacious calcium-and aluminum-free alternatives with low tablet load. Lanthanum carbonate (Fosrenol W ) is a novel phosphate binder with similar therapeutic potency as aluminum hydroxide but a more favorable safety profile. Several RCTs have demonstrated lanthanum carbonate to be an efficacious and well tolerated agent for phosphorus control with low tablet burden in CKD 5D patients [16] [17] [18] [19] [20] . A double-blind RCT in 73 Chinese patients on hemodialysis in Taiwan showed similar results to previous US and European studies [17] . However, mainland China has more limited medical resources and must serve a larger population of CKD 5D patients across a broader territory than other major regions of China, including Taiwan, which makes comprehensive treatment of these patients more difficult and challenging [21] . Furthermore, there are currently no officially approved phosphorus binders in mainland China. Therefore, there is an urgent need to establish evidence-based research on oral phosphate-binders to guide serum phosphorus control of CKD 5D patients in mainland China.
To establish the clinical profile of lanthanum carbonate in the mainland Chinese population and identify any difference from other countries, a multicenter, randomized, double-blind study was conducted. The study assessed the efficacy, safety, and tolerability of lanthanum carbonate to achieve and maintain target serum phosphorus concentrations in CKD 5D patients on hemodialysis or continuous ambulatory peritoneal dialysis (CAPD). Changes in other important parameters such as serum calcium and serum parathyroid hormone (PTH) levels were also monitored.
Methods
Patients CKD 5D patients aged 18-70 years receiving hemodialysis or CAPD for ≥3 months were eligible to participate. Patients fulfilling any of the following criteria were excluded: 1) hypercalcemia (serum calcium >10.4 mg/dL [>2.60 mmol/L]) or hypocalcemia (serum calcium <8.4 mg/dL [<2.10 mmol/L]); 2) severe hyperparathyroidism (PTH >1000 pg/mL [>105.3 pmol/L]); 3) previous gastrointestinal (GI) surgery or ongoing GI dysfunction including uncontrolled ulcer, inflammatory bowel diseases, or GI bleeding in the past 6 months; 4) serum transaminases or bilirubin >2.5 times the upper limit of normal (ULN); 5) severe heart failure (NYHA class III-IV); and 6) other exclusion criteria included HIV-positive status, known allergy to lanthanum, pregnant or lactating women, lifethreatening malignancy, and exposure to other experimental drugs within 30 days before screening. All patients were judged by the investigator to be compliant with the study protocol. Treatment was carried out strictly in accordance with the trial protocol. Patients with poor compliance or who failed to take medicine according to the protocol were also excluded. One subject (SP315) did not follow doctor's orders and took α-keto acid tablets (3 tablets per day, 50 mg calcium per tablet, stopped after 10 days medication) in the titration phase. Because this occurred in the titration period, and a small dose of calcium (150 mg/day) was taken, the subject was not excluded.
Study design
This was a phase III, randomized, double blind, placebocontrolled, dose-titration trial in hemodialysis or CAPD patients conducted simultaneously at 12 hospitals in mainland China (Registration No. ChiCTR-TRC-10000817). The study comprised three phases: screening and a 0-3-week washout period; a 4-week dose titration period; and a 4-week double blind, placebo-controlled, randomized, maintenance phase.
Phase 1: screening/washout
A complete medical history and physical examination were performed at the screening visit. Patients who had not taken any phosphorus binders for 1 week before screening could skip the washout period. Patients previously on phosphate binders (calcium, sevelamer), on the other hand, discontinued them and underwent washout over 0-3 weeks. Patients were put on a low-phosphorus diet (800-1000 mg/d). The calcium concentration of dialysis fluid and the mode of dialysis were kept constant. Phosphorus levels were monitored at each weekly visit. Patients whose serum phosphorus increased to >5.5 mg/dL (>1.78 mmol/L) were eligible to enter the dose-titration phase, while those whose phosphorus levels remained ≤5.5 mg/dL (≤1.78 mmol/L) at the end of week 3 of the washout period were withdrawn from the study.
Phase 2: open-label dose titration
During the open-label dose-titration phase, all recruited patients received a starting daily dose of 1500 mg lanthanum carbonate and could be uptitrated to ≤3000 mg/d as necessary to achieve and maintain serum phosphorus ≤5.5 mg/dL (≤1.78 mmol/L, KDOQI 2003) over 4 weeks [9] . Patients on hemodialysis were titrated weekly, while those on CAPD were titrated every other week. A standardized dose-titration regimen based on serum phosphorus concentration was used. The dose of lanthanum carbonate was uptitrated one level (500 mg) in hemodialysis or two levels (1000 mg) in CAPD patients at each visit, if the serum phosphorus target level had not been achieved.
Phase 3: double-blind randomization and maintenance treatment
At the end of the dose-titration phase, patients were randomized 1:1 to receive lanthanum carbonate or placebo for a further 4-week maintenance phase. Patients visited once every 2 weeks. No dose adjustments were given during this phase.
Efficacy and safety assessments
The primary efficacy measure was the serum phosphorus level at the end of the maintenance phase compared with baseline (time of randomization). Secondary evaluation parameters involved serum phosphorus levels at each visit, proportion of patients with controlled serum phosphorous levels or response to the experimental drugs (defined as a decrease in the serum phosphorus level >25% from baseline) at the end of the maintenance phase, and intact PTH (iPTH) level at the end of the titration and maintenance stage.
Demographic characteristics such as sex, age, and medical history were collected at screening, whereas vital signs and concomitant medications were monitored throughout the study. Serum calcium levels were examined at each visit. Hematologic and biochemical parameters were measured at the end of each phase. Adverse events (AEs) and serious adverse events (SAEs) were recorded throughout the study.
Statistical analysis
Assuming the mean difference of the serum phosphorus level compared to randomization between lanthanum carbonate and placebo to be −0.45 mmol/L, with a type I error of 2.5%, a power of 80%, and 20% loss to followup, it was calculated that about 120 patients per group were needed to detect the estimated differences, among whom 2/3 were hemodialysis patients, and 1/3 were peritoneal dialysis patients.
A blind data review meeting that involved statisticians, the data administrator, principal investigators, and the sponsor was conducted to divide the study population. According to the basic principles of intention-to-treat (ITT) analysis, all subjects who were randomized and had at least one record of drug administration and efficacy evaluation after randomization were included in the full analysis set (FAS) [22] . For the missing values of the main indicators (phosphate levels), the last observation carried forward (LOCF) estimation method was adopted when analyzing the FAS. All subjects who completed the treatment according to protocol or had no serious violations of the protocol were defined as the per-protocol set (PPS). For efficacy endpoints, FAS and PPS were analyzed statistically as the analysis set. Taking the analysis result of FAS as the main analysis result of the study and referring to the PPS analysis result, discussion and analysis were undertaken when inconsistencies occurred. For safety endpoints, the safety set (SS) was defined as a patient receiving at least one medication. The results were divided into titration and maintenance phases, and safety analysis was performed on the corresponding SS. For the primary efficacy analysis, serum phosphorus from randomization to each visit of maintenance phase was assessed by an analysis of covariance (ANCOVA) model, and the 95%CI was calculated. The percent of patients in each treatment group achieving target serum phosphorus was calculated and compared by the Cochran-Mantel-Haenszel test. The change in the serum phosphorus level at each visit over the titration period was examined. Continuous variables are expressed as means (± standard deviation) or medians (range) as appropriate, and they were compared by t-test or Wilcoxon rank-sum analysis. Categorical variables are expressed as numbers (percent) and were analyzed by the chi-squared test or Fisher's exact test. Two-sided P-values < 0.05 were considered statistically significant. All statistical procedures were performed using SAS software (version 9.2, SAS Institute Inc, Cary, NC).
Ethics
The study was implemented in compliance with the Declaration of Helsinki and approved by local ethics committees at each of the participating centers. Written, informed consent was obtained from all patients. The full name of the overall 12 ethical committees that granted approval for our study are as follows: 
Results

Patients
A total of 258 consecutive patients entered the titration phase ( Figure 1 ). During this period, 28 patients were withdrawn or excluded. The remaining 230 patients completed the titration phase and were randomized 1:1 into the maintenance phase. A further three patients were
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Analysed ( excluded at the blind data review meeting because none of them had validated efficacy evaluation after randomization. Among these three patients, two were in the control group. One had a cerebral infarction four days after randomization; the other patient could not be contacted by the investigator after randomization and was defined as inappropriate to continue. The remaining excluded patient was a peritoneal dialysis patient in the lanthanum carbonate group who developed peritonitis 10 days after randomization and stopped the medication. There was no significant difference in demographic features between lanthanum carbonate and placebo-treated patients (Table 1) . Compliance with study treatment was similar in the two treatment groups (lanthanum carbonate, 92.9%; placebo, 94.6%; P = 0.59); for all patients, compliance was 93.7%.
Serum phosphorus
The mean serum phosphorus concentrations at each visit during the study are summarized in Figure 2 and Table 2 .
At the end of the washout period, the serum phosphorus concentration for all patients was 2.41 mmol/L. During dose titration with lanthanum carbonate, serum phosphorus concentration decreased; for patients assigned to lanthanum carbonate and placebo treatment groups this parameter was 1.64 and 1.71 mmol/L, respectively, at randomization (P = 0.24). During the maintenance phase, the mean serum phosphorus remained low for the lanthanum carbonate group but was substantially increased in the placebo group (Figure 2 ). Mean differences between the two groups were significant throughout randomized treatment (P < 0.001 at all time-points, After 4 weeks titration, 61.6% of patients had controlled serum phosphorus levels. At the end of the maintenance phase, compared with only 13.3% patients in the placebo group, 57.9% patients in the lanthanum carbonate group had serum phosphorus <1.78 mmol/L (P = 0.0001); more patients responded to the experimental drug (defined as a decrease of the serum phosphorus level >25% from baseline) in the lanthanum carbonate group than in the placebo group (56.1% vs. 12.4%; P = 0.0001). The primary efficacy measure and secondary evaluations all showed that lanthanum carbonate achieved better control of serum phosphorus than placebo.
In patients receiving lanthanum carbonate 1500 (40.3%, 46/114), 2000 (20.2%, 23/114), 2500 (26.3%, 30/ 114), or 3000 (13.2%, 15/114) mg and those on placebo, the proportion achieving the target serum phosphorus level (≤1.78 mmol/L) was 76.1%, 56.5%, 50.0%, 20.0%, and 13.3%, respectively.
Serum calcium
At the end of the titration period, serum calcium decreased by 0.03 mmol/L versus the screening period (from 2.32 to 2.29 mmol/L; P = 0.014). Serum calcium in the lanthanum carbonate and placebo groups increased by 0.02 mmol/L and decreased by 0.02 mmol/ L, respectively, at the end of the maintenance phase (mean difference between groups of 0.04 [95%CI: -0.03, 0.11], P = 0.035). However, the mean serum calcium level of the lanthanum carbonate-treated group (2.31 mmol/L) remained below the upper limit of normal (ULN) throughout the study.
Ca × P product
Variation in the Ca × P product during the maintenance period from baseline (time of randomization) is shown in , as recommended by the KDOQI guideline [9] ; whereas in the placebo group, this parameter increased significantly to 63.6 and 64.9 mg 2 /dL 2 , respectively, far exceeding the recommended level. At study end, the variation of Ca × P product was significantly different between the treatment groups (4.02 mmol/L vs. 17.46 mmol/L; mean difference between groups −13.44 [95%CI: -17.87,-9.00], P < 0.001).
Intact parathyroid hormone
At randomization, the difference in the mean iPTH level between the lanthanum carbonate and placebo-treated group was not significant (286.4 vs. 315.6 pg/mL; P = 0.48). Although the difference in the mean iPTH levels between the two groups remained not significant at the end of the maintenance phase, a significant difference in variation of the iPTH level from baseline was observed between the two groups: 19.60 mmol/L vs. 53.63 mmol/L (mean difference between groups −34.03 [95%CI: -77.02, 8 .96], P = 0.017).
Analysis of hemodialysis and peritoneal dialysis subgroups
The patients were divided into hemodialysis (n = 164) and CAPD (n = 63) subgroups. At the end of the maintenance period, the increment in serum phosphorus levels was significantly higher in placebo-treated patients than in lanthanum carbonate-treated individuals in both subgroups (P < 0.01 and = 0.0001, respectively; Table 3 ), similar to the results noted in the whole population.
Safety evaluation
Over the titration period, 157 AEs were reported by 90 of 258 (34.9%) patients enrolled in the study; of these, 101 AEs reported by 40 patients (34.9%) were considered related to experimental drugs. No SAE or death was reported. Treatment-emergent AEs for the SS population during the titration phase are summarized in Table 5 . AEs reported with the highest incidence were GI in nature, with nausea (15.5%) and vomiting (10.8%) the most common, accounting for 78.2% of overall events. Other common GI reactions were abdominal distension (3.1%), upper abdominal discomfort (1.9%), constipation (1.5%), abdominal pain (1.2%), and diarrhea (1.2%). The incidences of AEs other than the GI system were all <2%.
The incidence of AEs was lower during the maintenance phase than the titration phase. There were 34 AEs in 19 of 115 patients (16.5%) in the lanthanum carbonate-treated group and 11 AEs in 10 of 115 patients (8.7%) in the placebo-treated group, with incidences of treatment- related AEs of 8.7% and 2.6%, respectively. Although the incidence of AEs was higher in the lanthanum carbonatetreated group than in the placebo-treated group, the difference was not significant. Treatment-emergent AEs for the SS population after randomization are shown in Table 6 . Commonly reported AEs were nausea (6.9%), vomiting (6.1%), and hypocalcemia (1.7%). Apart from these, each AE reported by the two groups appeared in only one case.
Three SAEs were reported throughout the entire course of the study, all within the maintenance period. One case occurred in the lanthanum carbonate-treated group and two cases in the placebo-treated group; they were peritoneal dialysis-related peritonitis, cerebral infarction, and right cervical fibroma; none was considered related to experimental drugs. In total, 18 patients withdrew from the study because of unendurable AEs or SAEs during treatment phases. Fourteen patients Table 3 Mean difference in serum phosphorus compared to baseline at each visit in the maintenance period withdrew within the titration phase and four within the maintenance phase. No deaths were reported during the overall study period.
Discussion
This 8-week, multicenter, double-blind RCT conducted in mainland China demonstrated that lanthanum carbonate is efficacious and well tolerated for the treatment of hyperphosphatemia in hemodialysis and CAPD patients. Although calcium-based phosphate binders, either calcium carbonate or calcium acetate, and aluminum hydroxide have been widely used to treat hyperphosphatemia in CKD patients, none of these agents has yet been registered and approved by the mainland Chinese State Food And Drug Administration (SFDA). Compared with more developed areas of China, such as Taiwan and Hong Kong, there are limited medical resources in mainland China, and these must serve a large population across a broad territory [21] . In 2002, nearly 1550 per million people (pmp) in Taiwan received regular dialysis treatment; this prevalence was even higher than that in the USA. In the same year, 550 pmp in Hong Kong and only 30 pmp in mainland China received such treatment [23] . Thus, CKD patients in mainland China urgently need to have available a validated and standardized oral phosphate binder to tackle phosphate retention [24] . To date, no RCT study from mainland China has investigated the efficacy and tolerability of oral phosphate binders. The current phase III study might contribute to lanthanum carbonate becoming the first certified oral phosphate-binding agent available for both hemodialysis and CAPD patients in mainland China.
The present study showed that serum phosphorus concentrations of all patients decreased gradually during the 4-week titration phase when they were treated by lanthanum carbonate. About three-fifths of patients treated with lanthanum carbonate achieved target serum phosphorus level. The primary efficacy measure and secondary evaluations all showed that lanthanum carbonate achieved better control of serum phosphorus than placebo (mean difference −0.48 mmol/L, median lanthanum carbonate dosage 2000 mg (data not shown)), without significantly disturbing serum calcium levels. Indeed, the level of serum calcium in the lanthanum carbonate group decreased by 0.03 mmol/L at the end of the titration phase compared with the screening period. The findings were not different between the hemodialysis and peritoneal dialysis subgroups. However, the change in the serum phosphorus concentration from baseline was similar to the level predicted at study design. Joy et al. [16] reported a mean difference of −0.6 mmol/L compared to placebo with a similar median dosage of about 2300 mg of lanthanum carbonate. In 2005, a study from Taiwan showed that lanthanum carbonate could achieve a −0.7 mmol/L mean difference compared to placebo with a much lower dosage of 750-1500 mg/d [17] . However, the present study sample was almost double and triple, respectively, of Joy's study and Chiang's study [16, 17] . The efficacy of lanthanum carbonate should be further tested in future, long-term, RCT studies.
In patients receiving lanthanum carbonate 1500, 2000, 2500, and 3000 mg, target serum phosphorus (≤1.78 mmol/L) was achieved in 76.1%, 56.5%, 50.0%, and 20.0%, respectively, compared with 13.3% on placebo. These data suggest that lanthanum carbonate possesses high phosphorus-binding efficacy with low tablet burden. A single-dose balance study in healthy volunteers by Martin et al. [25] supports our results in that 1000 mg of lanthanum carbonate could decrease serum phosphate by 45% compared with a 21% decrease with 2400 mg of sevelamer carbonate. Daugirdas et al. [26] further calculated the phosphate binder equivalent doses. In their reports, 500 mg lanthanum carbonate was equivalent to 750 mg calcium carbonate, 667 mg calcium acetate, and 800 mg sevelamer carbonate, the phosphorus-binding capacity of which was equal to aluminum carbonate and not affected by the intestinal pH level [26, 27] . Patients were put on a low-phosphorus diet (800-1000 mg/d) in the study. We also designed a dietary diary to monitor the dietary phosphorus intake of each patient (data not shown). However, the hospitals were understaffed and we did not have a specialized nutritionist to collect and calculate the data; so the higher doses prescribed might be partly due to higher dietary intakes, which could cause bias to the study. More emphasis should be given to this in future studies. The Ca × P product of lanthanum carbonate-treated patients was below the level (55 mg 2 /dL 2 ) recommended by the KDOQI guideline [9] at all visits both in the titration and maintenance phases, whereas that of placebotreated individuals far exceeded it during the maintenance period. At study endpoint, the Ca × P product of the placebo group was 14.0 mg 2 /dL 2 higher compared with the lanthanum carbonate group; the mean difference from baseline differed significantly (P < 0.001). The change in the iPTH level was also monitored throughout the study. The variation in the iPTH level from the time of randomization (19.60 vs. 53.63 pg/mL) between the two groups was significantly different (P = 0.017). These results support previous reports. Currently, bone biopsy cannot be performed clinically in mainland China. Although the present study could not demonstrate a beneficial effect of lanthanum carbonate on renal-associated osteopathy, the results indicate that lanthanum carbonate helped maintain the balance among Ca, P, and PTH.
Besides the good efficacy of lanthanum carbonate, the safety evaluation showed that lanthanum carbonate was generally safe and well-tolerated in CKD 5D patients. No deaths and few SAEs were reported throughout the study. The most frequently reported AEs were GI in nature, and they improved as patients moved from the titration to the maintenance phase. A similar pattern was observed by other researchers [16] [17] [18] [19] [20] 28, 29] . In all, 5.4% and 0.9% of patients withdrew during the titration and maintenance phases because of side effects of the experimental drugs. The incidence of AEs was not significantly different between lanthanum carbonate and placebo during the maintenance phase. The compliance of the present patients to the experimental drugs was quite good. Compared with previous double-blind reports, lanthanum carbonate was better tolerated in the present study. The present withdrawal rate during the titration and maintenance phases was the lowest, at only 10.8% and 6.2%, respectively (Additional file 1: Table S1 ) [16] [17] [18] [19] [20] 30, 31] . This could be partly due to the strong desire of CKD 5D patients in mainland China to have better treatment despite some mild discomfort taking the experimental drugs.
There are some limitations of the present study. Up to the time the study was launched, no patented calcium or non-calcium phosphate binder had been approved in mainland China. Although calcium carbonate was prescribed by nephrologists in some tertiary Chinese hospitals, it had not received certification from the government, and it could not be approved by the ethics committee. Thus, a calcium or non-calcium containing phosphate binder could not be used as a control group treatment.
Plasma lanthanum concentrations could not be monitored during the present study. Although lanthanum has been found to deposit in patients' bone through biopsy, no toxicity similar to that of aluminum has been reported so far [32, 33] . Several follow-up studies even showed positive effects of lanthanum carbonate on bone mineralization. Although follow-up studies, the longest of which was ≤6 years, detected no toxicity effect of lanthanum carbonate deposition on specific human organs, evaluation of the long-term tolerability and safety of lanthanum carbonate in the Chinese populations needs further study [34, 35] .
The treatment duration of the present study was only 8 weeks. No protective effect of lanthanum carbonate on patients' survival or organ calcification was identified. Lanthanum carbonate has been shown to attenuate vascular calcification both in dialysis patients and in animal models [36, 37] . Further studies should be conducted to evaluate the effect of lanthanum carbonate on the prognosis of CKD 5D patients in mainland China.
Conclusions
In conclusion, the results of the present study suggest that lanthanum carbonate is an efficacious and well-tolerated oral phosphate binder with a mild AE profile in both hemodialysis and CAPD patients. This agent may provide an alternative for the treatment of hyperphosphatemia in CKD 5D patients in mainland China.
